INTRODUCTION {#sec1-1}
============

Renal artery stenosis (RAS) is the narrowing of the renal artery (RA), most often caused by atherosclerosis or intimal hyperplasia, and leads to reduced renal perfusion. RAS may cause hypertension, progressive renal failure and recurrent pulmonary edema.\[[@ref1]\] Studies on RAs in human cadavers reported that pathological changes like intimal hyperplasia, atherosclerosis, calcification, ulceration, hyalinization and fibroelastic hyperplasia progress with age.\[[@ref2]--[@ref6]\] A few reports have been published on atherosclerosis in RA.\[[@ref7]--[@ref9]\] These studies are based on the clinico-radiological aspects of the disease. Histomorphometric studies have been conducted in two sexes of sheep at different ages and showed no significant differences in the thickness of tunica intima (Ti) and tunica media (Tm).\[[@ref10]\] Morphometric analysis of renal arteries in the group of patients with renal cell carcinoma showed thicker tunica media when compared with the control group.\[[@ref11]\] To the best of our knowledge and belief, there is lack of data in the available literature on histomorphometry about the thickness of Ti, Tm and Ti/Tm ratio in healthy human RAs and the changes in human RA related to age.

Renal sympathetic nervous system plays an important role in the development of the ischemic acute renal failure.\[[@ref12][@ref13]\] Renal sympathetic postganglionic nerves supply blood vessels, the juxtaglomerular apparatus, and tubules, and control renal blood flow, renin release, and sodium reabsorption.\[[@ref14]--[@ref17]\] The perivascular innervation of the RA has been studied by immunohistochemistry in golden hamster, rat, rabbit and guinea pig.\[[@ref18]--[@ref20]\] The intrinsic innervation of the human adult and fetal kidney has been documented.\[[@ref21][@ref22]\] In contrast, there is still a lack of detailed description of the sympathetic nerves of the main RA in humans. Hence, the purpose of this work was to study the characteristics of arterial wall and sympathetic innervations of the human RA.

MATERIALS AND METHODS {#sec1-2}
=====================

Sample collection {#sec2-1}
-----------------

Fifty-two fresh human RA samples (proximal part) were collected from 26 cadavers (19 males and 7 females), between the ages of 19 and 83 years, during autopsy. Samples from the individuals who had died with vascular diseases, diabetes, hypertension and renal diseases were excluded from the present study. Distributions of RA samples are shown in [Table 1](#T1){ref-type="table"}.

###### 

Distribution of the human RA samples
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Method of collection {#sec2-2}
--------------------

A midline incision was made on the anterior abdominal wall of the cadaver, abdominal contents were pushed aside, and RAs arising from abdominal aorta were identified. About 1.5 cm length of RAs was cut close to the abdominal aorta.\[[@ref5]\]

Tissue processing for histological methods {#sec2-3}
------------------------------------------

Samples were fixed with 4% paraformaldehyde for 24 hours and immediately processed for histological procedures. 5-μm thick sections were taken with a rotary microtome and mounted on gelatin coated slides. All the sections were stained with hematoxylin-eosin (H and E) and Verhoeff-Van Gieson (VVG).

Tissue processing for immunohistochemistry {#sec2-4}
------------------------------------------

Five out 52 paraformaldehyde-fixed samples were processed for tyrosine hydroxylase (TH) immunostaining. 5-μm thick sections were taken using Leitz cryostat at -20°C and collected onto the aminopropyl triethoxysilane (APES) coated slides.

TH immunostaining {#sec2-5}
-----------------

Sections were washed in phosphate-buffered saline (PBS; 2 × 5 min), treated with peroxidase block for 30 min, and then washed in PBS (2 × 5 min). Following this, the sections were blocked with normal goat serum for 1 hour, followed by incubation in rabbit polyclonal anti-TH primary antibody (AB152, Millipore, CA, U.S.A) diluted to 1:100 in PBS for 48 hours at 4°C. Sections were washed in PBS (2 × 5 min), incubated in biotinylated goat anti-rabbit secondary antibody (sc2051, Santa Cruz, CA, U.S.A) for 2 hours followed by incubation in the horseradish peroxidase (HRP)-streptavidin (sc2051, Santa Cruz, CA, U.S.A) complex for 2 hours. Finally, color was developed by treating these sections with DAB (diaminobenzidine) (sc2051, Santa Cruz, CA, U.S.A) for 5 min. The sections were then washed with distilled water, counterstained with hematoxylin and dehydrated with two changes of alcohol, cleared in xylene and coverslipped.

Human adrenal glands were used as positive controls and processed as above at the same time. For the negative control, sections were incubated in normal goat serum replacing primary antibody.

Analyzed morphometric parameters {#sec2-6}
--------------------------------

Stained sections were observed under binocular light microscope and digital images were obtained. Digital images were analyzed for the following histomorphometric parameters. Thickness of Ti and Tm were measured by using Leica Qwin V3 program at a magnification of ×200. Thickness of Ti and Tm were measured at five random places and then means were obtained. Adventitial area (Ada) and sympathetic fiber content (Sympa) were obtained by using a software named "Tissue Quant" (TQ, Version 1.0), which is designed for color quantification in Manipal Centre for Information Science, Manipal.

Statistical analysis {#sec2-7}
--------------------

Statistical analysis was performed using the SPSS 11.5 software. Data were expressed as mean ± standard deviation (SD) and 95% confidence interval (CI). Data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey\'s Honestly Significant Difference (HSD) *post-hoc* test. Probability (*P*) values less than 0.05 were considered significant.

RESULTS {#sec1-3}
=======

In the current study, the differences between the right and left RAs were not significant; thus, the mean values of right and left arteries had been taken together \[[Table 2](#T2){ref-type="table"}\].

###### 

Histomorphometric values of the RA
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Intimal hyperplasia was the most common observation and incidences of thickening were found to increase with age. The mean, SD, 95% CI (lower bound and upper bound) and *P* values of Ti thickness of Group 1 (G1), Group 2 (G2) and Group 3 (G3) are shown in [Table 3](#T3){ref-type="table"}. Regarding the thickness of Ti, we found statistically significant differences in the thickness of Ti, when comparing G1 with G2 (*P*=0.026), G2 with G3 (*P*≤0.0001) and G3 with G1 (*P*≤0.0001).

###### 

Descriptive statistics of thickness of Ti of the RA
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The present study showed that thickness of Tm was found to increase with age. The means thickness of the Tm in G1, G2, and G3 were 151.67, 158.98 and 169.97 μm, respectively \[[Table 4](#T4){ref-type="table"}\]. Concerning the thickness of Tm, there were statistically significant differences observed when G1 was compared with G2 (*P*=0.016), G2 with G3 (*P*=0.001) and G3 with G1 (*P*≤0.0001) \[[Table 4](#T4){ref-type="table"}\].

###### 

Descriptive statistics of thickness of Tm of RA
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Ti/Tm ratio was calculated for the three age groups. Ti/Tm ratio was found to increase with age. The mean (SD) Ti/Tm ratios of the RA in G1, G2 and G3 were 0.06 (0.01), 0.14 (0.03) and 0.31 (0.10), respectively. Ti/Tm ratios were found to be significant when G1 was compared with G2 (*P*\<0.01), G2 with G3 (*P*≤0.001) and G3 with G1 (*P*≤0.001) (one-way ANOVA, Tukey\'s *post-hoc* test).

Our histological studies revealed that proximal part of RA had a musculo-elastic artery structure. Tm showed smooth muscle cells and fine irregularly arranged elastic fibers \[Figure 1[a](#F1){ref-type="fig"}--[c](#F1){ref-type="fig"}\]. VVG staining showed fragmented internal elastic lamina (IEL) and elastic fibers in the thickened Ti. In few cases, IEL was double \[[Figure 1b](#F1){ref-type="fig"}\]. The external elastic lamina (EEL) was prominent, well defined and appeared intact in the entire periphery of the vessel wall in all the samples studied \[[Figure 1d](#F1){ref-type="fig"}\]. Discontinuations in IEL were found to be increased in elderly cases \[[Figure 1d](#F1){ref-type="fig"}\]. There was also the deposition of calcium in the Tm observed in elderly cases. Clinical consequences of medial calcification would be that vascular surgery becomes much more difficult.

![(a) RA of a 25-year-old individual, stained with H and E, showing no intimal changes (×400). (b) The cross section of RA of a 20-year-old individual, stained with VVG stain, showing duplicated IEL (×400). (c) RA of a 45-year-old individual, stained with VVG stain, showing intimal thickening and numerous fine elastic fibers in Tm (×400). (d) Disorganized IEL with elastic fibers in Tm in RA of a 59-year-old individual, stained with VVG stain. EEL was well defined and appears intact in the entire periphery of the vessel wall (×200). Ti: Tunica intima; Tm: Tunica media; IEL: Internal elastic lamina; EEL: External elastic lamina](UA-3-141-g005){#F1}

TH immunostaining revealed that sympathetic nerve fibers were present in the RA. TH positive sympathetic nerve fibers were situated mainly in the tunica adventitia and outer media \[Figure [2a](#F2){ref-type="fig"} and [b](#F2){ref-type="fig"}\]. Mean Ada and Sympa areas are found to be 0.595 and 0.071 mm^2^, respectively. Sympathetic index (SI) to RA was calculated by dividing the sympathetic fiber area by the adventitial area. SI was found to be 0.140 \[[Table 5](#T5){ref-type="table"}\].

![(a) Arrows pointing to the sympathetic fibers in a RA of a 26-year-old individual, stained with TH immunostaining (×250). (b) Results of the automated measurement of sympathetic fiber area (white dots) of the same RA that was calculated by Tissue Quant image analysis software (×250)](UA-3-141-g006){#F2}

###### 

Adventitial and sympathetic nerve areas of the human RA
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DISCUSSION {#sec1-4}
==========

In the present study, RA showed the structure of a musculo-elastic artery. Thickness of Tm increased in relation to age. This may be due to the incorporation of fibrous tissue. There was also deposition of calcium in the Tm observed in two samples of Group 3. Clinical consequences of medial calcification would be that vascular surgery becomes much more difficult. Discontinuations/fragmentations in IEL were found in all the samples above the fourth decade and its incidence of fragmentation increased in elderly cases. In a few cases, IEL was double. The IEL represents a flexible barrier between the Ti and Tm and may have a role in atherogenesis via its modulation of diffusion across the artery wall.\[[@ref23][@ref24]\] According to Sims (1985), discontinuity of the IEL causes migration of myocytes from media to intima and activates atherosclerosis.\[[@ref25]\] In this study, thickness of intima and media hyperplasia were observed to cause the increased thickness of the arterial wall. This may be attributed to the breaks/discontinuations in the IEL. Smooth muscles from the media may migrate into the media through the broken IEL, resulting in atherogenesis. The EEL was prominent, well defined and appeared intact in the entire periphery of the vessel wall in all the samples studied. The mean Ti thickness of RA in G1, G2, and G3 were found to be 9.48, 22.78, and 53.80 μm, respectively. In the present study, incidence of intimal thickness or atherosclerosis progressed with age and was found in all cases after the fourth decade. Incidence and severity of RA atherosclerosis was found to increase with age. Thickened intima was composed of lipid, fibrous tissue and foam cells. The incidence of intimal thickening was similar on both right and left sides. Schwartz and White (1964) noticed a slight but inconsistent difference in right and left RAs.\[[@ref26]\] Wollenweber (1968), on the other hand, claimed that in cases with unilateral atherosclerosis, the right RAs were involved more frequently.\[[@ref27]\] However, Aggarwal *et al*. (2008) have reported that incidence of atherosclerotic changes in most of the cases showed bilateral involvement; in unilaterally affected cases, left artery was more affected.\[[@ref5]\] In this study, Ti/Tm ratio of RA in G1, G2, and G3 were found to be 0.06 (0.01), 0.14 (0.03) and 0.31 (0.10), respectively. Ti/Tm ratio increased with age. Increased Ti/Tm ratio may be attributed to the intimal changes in reaction to pressure and blood flow dynamics of the RA.

We assessed the sympathetic nerve content of the human RAs by using adrenergic marker TH. The intrinsic innervation within mammalian kidneys has been extensively described in the literature.\[[@ref14]--[@ref19]\] Tiniakos *et al*. (2004) reported that the human fetal kidney appears richly innervated during the 2^nd^ and 3^rd^ trimesters. There is a progressive increase in the density of parenchymal nerve fibers toward term from the corticomedullary region to the cortex. Most intrarenal nerves are adrenergic and have a predominant perivascular distribution, implying that renal innervation plays an important functional role during intrauterine life.\[[@ref22]\] Renal sympathetic nerves and circulating cathecholamines are considered to be involved in the development of acute renal failure.\[[@ref28][@ref29]\] Renal sympathetic postganglionic fibers innervate the RA, afferent and efferent arterioles, the juxtaglomerular apparatus, and tubules. Renal sympathetic nerves control renal blood flow, renin release, and sodium reabsorption.\[[@ref14]--[@ref17]\] The present study revealed that dense plexus of sympathetic nerves was present in the tunica adventitia and outer media of the RA. SI may provide the morphological basis for further studies involving the structural basis of altered renal responses in conditions such as hypertension, aging, diabetes and peripheral neuropathies.
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